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Micro liquid jetting technology is widely used in the ﬁeld of electronic packaging. This
paper presents a bond-graph model of a piezostack driven jetting dispenser that can
dispense adhesive ﬂuids accurately, rapidly, and ﬂexibly. After describing the structural
components and operating principles of the dispenser, the bond-graph model for the
system is derived by integrating the electromechanical model with the ﬂuid model. In
the bond-graph model, the lumped parameter method is employed to obtain the concep-
tual bond-graph elements of the adhesive in the channels. Based on the proposed model,
the jetting dispenser is designed and manufactured, and its performance is then evaluated
through both computer simulations and experiments. Further simulation studies about the
working properties based on the bond-graph model is carried out.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY
license (http://creativecommons.org/licenses/by/3.0/).1. Introduction
In microelectronic packaging ﬁelds, liquid dispensing has played an essential role to transfer adhesive materials with dif-
ferent viscosities and desired volumes [1,2]. Especially with the rapid development of integrated circuit (IC) packaging tech-
nologies, many new types of high-viscosity adhesives have been applied for realizing high-density assembly [3,4]. This trend
requires that the liquid dispensing system can transfer the adhesives more accurately, rapidly, and ﬂexibly.
So far, numerous types of dispensing approaches have been developed and successfully implemented in semiconductor
applications. And these can be classiﬁed into two types: contact dispensing and non-contact dispensing [5–7]. The former
method is suitable for some high viscosity adhesives dispensing because of its high driven characteristic [6,7]. But it requires
the dispenser nozzle to contact with a substrate or printed circuit board (PCB) via dispensed adhesive during the dispensing
process, which increases cycle time, and complicates the process [6,7]. These limitations have restricted its application in the
ﬁeld of microelectronic packaging. Thus, the non-contact method has been proposed due to its characteristics of high
accuracy, efﬁciency and reliability [8].
Jettingdispensing,whichutilizes a closed-loop, positive striking needle to dispense adhesive, is oneof themainnon-contact
methods applied in production [9,10]. The adhesive is pressured in the syringe to ensure a continuedﬂow through the channels
of the dispenser. The proposed needle is used to hit and break the stream of adhesive, which jets out from the nozzle and forms
droplets. The volumes and shapes of adhesive dropletswill not be affected by the surface qualities of the substrate or PCB since
there is no contact between the needle and the board. Furthermore, quite smaller droplet can be applied by this method.
In this work, a new jetting dispenser driven by a piezostack, which can operate at high frequency to form a series of
desired adhesive micro-droplets, is developed. Furthermore, an amplifying mechanism is employed to magnify the displace-
ment of piezostack so that the amplitude of the needle motion can reach such a value that is suitable for high-viscosity
Nomenclature
Aa,i cross-section area of the ith lump in annular channel (mm2)
Af1 cross-section area of the nozzle (mm2)
Ai cross-section area of the ith lump in circular channel (mm2)
An cross-section area of the needle end (mm2)
Bb bulk modulus of the ﬂuid (Pa)
C damping coefﬁcient used for Pva,i calculating
Ca,i capacitance of the ith lump in annular channel (mm5/N)
Cc,i capacitance of the ith lump in circular channel (mm5/N)
Cf0 capacitance of the needle-seat Chamber (mm5/N)
Cﬁj capacitance of the jth lump in Chamber fi (mm5/N)
F0 preload force of the spring (N)
Fn hitting force of the needle (N)
Ia,i inductance of the ith lump in annular channel (N s2/mm5)
Ic,i inductance of the ith lump in circular channel (N s2/mm5)
If0 inductance of the needle-seat Chamber (N s2/mm5)
Iﬁj inductance of the jth lump in Chamber fi (N s2/mm5)
K apparent viscosity of the ﬂuid (Pa s)
K2i coefﬁcient used for Pv2i calculating
K3i coefﬁcient used for Pv3i calculating
Kp stiffness of the piezostack (N/mm)
Ks stiffness of the string (N/mm)
Lf2,i length of the ith lump in Chamber f2 (mm)
Lf3,i length of the ith lump in Chamber f3 (mm)
Li length of the ith lump (mm)
Me effective mass of the piezostack, Me =Mp/3 (g)
Mn mass of the needle (g)
Mp mass of the piezostack (g)
Pi pressure in the ith lump (Pa)
Ps pressure in the syringe (MPa)
Pv2i pressure drop due to friction in the ith lump of Chamber f2 (Pa)
Pv3i pressure drop due to friction in the ith lump of Chamber f3 (Pa)
Pva,i pressure drop due to friction in the ith lump of annular channel (Pa)
Pvij pressure drop due to friction in the jth lump of Chamber fi (Pa)
Ps,i pressure drop due to yield stress in the ith lump of circular channel (Pa)
Psa,i pressure drop due to yield stress in the ith lump of annular channel (Pa)
Psij pressure drop due to yield stress in the jth lump of Chamber fi (Pa)
Q average ﬂow rate of the ﬂuid under pressure Ps (m/s)
Q1 average ﬂow rate of the ﬂuid when Ps = 0.05 MPa (m/s)
Q2 average ﬂow rate of the ﬂuid when Ps = 0.1 MPa (m/s)
Qd ﬂow rate from the nozzle (lL/s)
Qi ﬂow rate in the ith lump (lL/s)
Ra,i resistance of the ith lump in annular channel (N s/mm5)
Rc,i resistance of the ith lump in circular channel (N s/mm5)
Rﬁj resistance of the jth lump in Chamber fi (N s/mm5)
Rn damping coefﬁcient of the needle (N s/mm)
Rp damping coefﬁcient of the piezostack (N s/mm)
ra,i radius of the ith lump in annular channel (mm)
rf2,i radius of the ith lump in Chamber f2 (mm)
rf3,i radius of the ith lump in Chamber f3 (mm)
ri radius of the ith lump in circular channel (mm)
rn radius of the needle (mm)
t dispensing time (s)
T dispensing cycle (s)
V voltage applied to the piezostack (V)
Vd jetting volume of adhesive (lL)
vn velocity of the needle (m/s)
Xp0 displacement of the piezostack due to a unit voltage (mm/V)
Yn displacement of the needle (mm)
_c shearing rate of the ﬂuid (1/s)
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h angle of amplifying mechanism’s beam ()
lb viscosity of the ﬂuid (Pa s)
qb density of the ﬂuid (kg/m3)
qn density of the needle (kg/m3)
s shearing force of the Bingham ﬂuid (Pa)
sy yield stress of the Bingham ﬂuid (Pa)
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lic energy domains. Thus, a mathematical model of the dispenser is essential to study the relations between the system fac-
tors and the jetting process.
Consequently, the main contribution of this work is to build the model of the proposed dispenser based on bond-graph
technique, which is quite suitable for modeling multisystem because of its graphical visibility and strict mathematical rela-
tions [11–15]. During the modeling, the ﬂow channels have been divided into several lumps according to a lumped param-
eter method [16,17] in order to study the ﬂow behavior with a higher accuracy requirement. This model is used to study the
effects of system factors on ﬂow rate, dispensing volume and such behaviors. But it is not suitable for studies of ﬂuid moving
status (such as the ﬂowing distribution in the channels). By simulating the bond-graph model with 20-sim software, the data
about the dynamic behavior of the dispenser are obtained. The dispenser is also manufactured and tested to validate its
bond-graph model and working properties.2. Physical model of the dispenser
Fig. 1(a) shows the schematic conﬁguration of the proposed piezostack driven jetting dispenser. As shown in the ﬁgure,
the piezostack is ﬁxed horizontally in the internal part of the amplifying mechanism and functions as the needle actuator.
The displacement of the piezostack is too small to dispense the adhesive, especially in the electronic packaging ﬁeld. Thus, an
amplifying mechanism is employed to magnify the displacement. A syringe containing the adhesive connects to the gas
source, which can push the adhesive into the ﬂuid channels.
When a voltage is applied to the piezostack, the piezoelectric material deforms, causing a horizontal displacement of the
amplifying mechanism. Then, the needle is lifted and the spring is pressed a magniﬁed displacement due to the amplifying
mechanism. With attenuation of the voltage, the needle will fall down rapidly due to the spring and piezostack forces. Thus,
when a periodic voltage is applied, reciprocating motion of the needle is obtained.
As demonstrated in Fig. 1(b), the ﬂuid channels of the housing module are divided into ﬁve parts, namely, f0 to f4,
respectively. The motion of the needle increases the pressure in Chamber f0 and drives adhesive ﬂow out of the nozzle.
As the needle hits the bottom of Chamber f0, the ﬂow is cut off and an adhesive droplet falls to the substrate due to its inertia.
When the needle retracts vertically, the pressurized ﬂuid in the syringe ﬁlls the void created. Thus, the reciprocating motion
of the needle drives the adhesive out from the nozzle in the form of jetted droplets. During the jetting process, the jetting
speed, volume and many other important indicators will be signiﬁcantly affected by the voltage, pressure, structure and
other system parameters. To study the jetting effect and show support for the design and operation of the dispenser, this
paper has constructed a bond-graph model of the proposed dispenser as the foundation for simulations.Fig. 1. Piezostack driven jetting dispenser (a) and its ﬂuid channels (b).
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As depicted in Fig. 1, the dispenser is mainly composed of an electromechanical part and a ﬂuid part. The function of the
electromechanical part is to make the needle vibrate to hit the ﬂow stream. And the ﬂuid part provides the channels where
the adhesives can ﬂows ﬂuently under the air-pressure driving. In this paper, the sub-models of the proposed parts are ﬁrst
constructed. And then, after coupling through several bond-graph elements, the sub-models are connected to form the whole
model of the dispenser.
3.1. Bond-graph model of the electromechanical part
Fig. 2(a) shows the construction of the electromechanical part, and it can be seen that the piezostack and the needle are
both connected with the amplifying mechanism, whose top is ﬁxed on the disperser body. This structural characteristic
determines the motion of the piezostack and the needle are relative towards the amplifying mechanism. Thus, two 1-junc-
tions appear in the bond graph model as Fig. 2(b) shows. In Fig. 2(b), the transformer TF, whose value is equal to 1/tan h,
deﬁnes the displacement magnifying effect of the amplifying mechanism. In addition, two derivative causalities are assigned
to the ports of I elements (Ip and In) in order to keep the integral causalities in the ﬂuid part during the coupling process. The
parameters, Fn and vn, describe the hitting force and velocity of the needle, respectively. The arrow from the second
1-junction shows the parameter vn to the ﬂuid part to calculate pressure drop. Thus, the bond-graph sub model of the
electromechanical part is demonstrated in Fig. 2(b).
3.2. Bond-graph model of the ﬂuid part
As Fig. 1(b) shows, the ﬂuid part includes ﬁve channels, which are named f0 to f4, respectively. And it can be observed that
the ﬂows in Chambers f0, f1 and f4 are in circular channels, the ﬂows in f2 and f3 are in annular channels. It is noted that the
ﬂuid ﬂow behaviors differ considerably for different channel conditions, and it is necessary to ﬁrst study the ﬂow behaviors
in different channels. Besides, in order to precisely model the ﬂow behaviors at different area of the channel, a lumped
parameter method, which was ﬁrst proposed by Doebelin [16] and developed in many other studies [18,19], is used to pres-
ent the channel structures and build the bond-graph models.
According to lumped parameter method, the ﬂuid channel is divided into several sub-systems with lumped masses and
averaged parameters, such as pressure and ﬂow rate. The bond-graph elements are then obtained by applying conservation
of mass and Newton’s laws to the lumps of the ﬂuid. Fig. 3 shows the equivalent channels to simulate the ﬂows in circular
and annular channels.
In Fig. 3, Rc,i, Cc,i, Ic,i and Ra,i, Ca,i, Ia,i are the resistance, capacitance and inductance of the i th lump of the channels, respec-
tively. The equations for these parameters are given in Eqs. (1) and (2) [20].Rc;i ¼ 8lbLipr4
i
Cc;i ¼ AiLiBb
Ic;i ¼ qbLiAi
8>><
>>:
ð1Þ
Ra;i ¼ 8lbLi lnðra;i=rnÞ
p r4
a;i
r4n
 
lnðra;i=rnÞ r2a;ir2n
 2
Ca;i ¼ Aa;iLiBb
Ia;i ¼ qbLiAa;i
8>>><
>>>:
ð2ÞIt is well known that the adhesive used in the jetting system exhibits Non-Newtonian behavior. The Bingham ﬂuid model
is widely used to describe the dynamic behavior of adhesive ﬂows [21]. The shearing force of a Bingham ﬂuid isFig. 2. (a) Electromechanical part and (b) its bond-graph model.
Fig. 3. Equivalent section of (a) circular channel and (b) annular channel according to lumped parameter method.
S. Lu et al. / Simulation Modelling Practice and Theory 49 (2014) 193–202 197s ¼ sy þ K _c ð3Þ
The pressure drops due to the yield stress of Bingham ﬂuid in the circular channel and annular channel are calculated
from Eqs. (4) and (5), respectively. In Eq. (5), C is a damping coefﬁcient ranging between 2.0 and 3.07 [20]. The negative sign
signiﬁes that the pressure is consumed.Ps;i ¼ 8Lisy=3ri ð4Þ
Psa;i ¼ Csy Lira;i  rn ð5ÞIn addition, the needle can also cause pressure loss due to the friction from motion through the adhesive. And this pres-
sure drop is calculated by Eq. (6).Pva;i ¼ 
4lbLi r2a;i  r2n  2r2n lnðra;i=rnÞ
h i
r4a;i  r4n
 
lnðra;i=rnÞ  r2a;i  r2n
 2 vn ð6ÞAccording to the bond-graph technique, the model of the ﬂuid part is depicted in Fig. 4. The parameters, Fn and vn, are the
outputs of the electromechanical model, through which the two sub-models are coupling to form the whole model of the
dispenser. It can be observed that the Chambers f1 to f4 are divided into n lumps according to the lumped parameter method.
The bond-graph elements R, I and C can be computed from Eqs. (1) and (2). The ﬂow element Qd deﬁnes the ﬂow rate of the
adhesive jetted out from the nozzle.Fig. 4. Bond-graph model of the ﬂuid channels.
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Dimens
Chan
f0
f1
f2
f3
f4K2i ¼ 
4lbLf2;i r2f2;ir2n2r2n lnðrf2;i=rnÞ
h i
r4
f2;i
r4n
 
lnðrf2;i=rnÞ r2f2;ir2n
 2
K3i ¼ 
4lbLf3;i r2f3;ir2n2r2n lnðrf3;i=rnÞ
h i
r4
f3;i
r4n
 
lnðrf3;i=rnÞ r2f3;ir2n
 2
8>>>><
>>>>:
ð7ÞThus, the pressure drop Pv2i and Pv3i due to the frictional losses from the needle motion of the ith lump in Chambers f2 and
f3 are calculated by Eq. (8). In Eq. (8), the parameter vn is deﬁned by the arrow in the electromechanical model as Fig. 2
shows.Pv2i ¼ K2ivn
Pv3i ¼ K3ivn

ð8Þ4. Results and discussion
In order to analyze the dynamic behavior and study the jetting mechanism of the proposed jetting dispenser, computer
simulation based on 20-sim software is carried out by adopting materials and dimensional speciﬁcations which are appli-
cable to microelectronic packaging. In this study, the signiﬁcant components of the dispenser such as the amplifying mech-
anism, housing part, needle and nozzle are designed and manufactured based on the proposed dynamic model in order to
achieve operational requirements. The other components of the dispenser such as the spring, O-ring, syringe and pipes
are selected based on practical application of the conventional jetting dispensers widely used in industry. The purpose of
the design requirement is that the needle motion amplitude and working frequency of the dispenser can reach around
0.5 mm and 200 Hz, respectively. In order to achieve these requirements, a stacktype piezoelectric actuator (PST150/5/60,
Piezomechanik) and a kind of silicone rubber (HT906TS, Huitian) are adopted. The geometric dimensions of the proposed
jetting dispenser are shown in Table 1 and the mechanical properties of the components that mentioned above are
summarized in Table 2.
Furthermore, in order to validate the dynamic model, an experimental platform including the proposed jetting dispenser
is adopted and experimental tests are undertaken. The experimental results are then compared with the simulated ones.
Fig. 5 shows the experimental conﬁguration to test the dispensing performance of the proposed dispenser. As demonstrated
in Fig. 5, the driving voltage, which is generated from the signal generator, is applied to the piezostack of the dispenser after
being magniﬁed by the power ampliﬁer. Another control signal from the signal generator is sent to the electric proportion-
ality valve to obtain a desired pressure in syringe. The jetting mass of the adhesive and the displacement of the needle are
measured by the electronic-analytical balance (CPA225D) and LVDT-sensor of the micrometer, respectively. The data from
the balance and the micrometer are sent to the PC and then processed. The jetting volume data are calculated by dividing
the jetted mass by the ﬂuid density. In the experiment, via the PC, the desired driving voltage and control signal can be
obtained from the signal generator to drive the piezostack and adjust the pressure in syringe.
In the simulation, due to very small volume of Chamber f0, only one lump is used for this region. Each of other channels
(Chambers f1–f4) is divided into ﬁve equal lumps according to the lump parameter method (where, n = 5, in Fig. 4). The
variables should being monitored, such as the displacement of needle Yn and the jetting volume Vd, are calculated for the
simulation according to Eqs. (9) and (10), respectively.Yn ¼
Z
vn dt ð9Þ
VdðtÞ ¼
Z t
0
Qd dt ð10ÞIn the next step, some simulation and experiment tests are undertaken.ional parameters of the proposed jetting dispenser (mm).
nel Needle radius Needle length Housing radius Housing length
– – 1.5 0.5
– – 0.15 1
1 6 1.5 6
2 25 2.5 25
– – 3 50
Table 2
Mechanical properties of the components.
Component Parameter Value
Piezostack (PST150/5/60) Mp 18 g
Rp 1.5e3 N s/mm
Kp 8e3 N/mm
Xp0 0.4e3 mm/V
Amplifying mechanism h 6
Needle qn 7800 kg/m3
Rn 6 N s/m
Spring Ks 1.25e4 N/m
Adhesive (HT906TS) qb 1000 kg/m3
lb 1500 m Pa s
Bb 1e9 Pa
sy 4.5 Pa
C 2.2
Fig. 5. Experiment conﬁguration of the piezostack driven jetting dispenser.
Fig. 6. Simulated and experimental results of the needle displacement under sinusoidal driving voltage, V = 75 + 75 sin 60pt and syringe pressure,
Ps = 0.1 MPa.
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30 Hz, amplitude: 150 V)) is applied to the piezostack and the pressure in the syringe is kept constant at 0.1 MPa. The results
of Nguyen [20,22,23] show that a dispensing droplet can be obtained when the needle displacement is magniﬁed to
0.3–0.5 mm. It can be clearly observed from Fig. 6 that the needle motion amplitude can reach 0.5 mm with the proposed
voltage peak-to-peak amplitude of 150 V. During the experiment, the needle motion can be adjusted by altering the driving
voltage V. In addition, it can be observed from Fig. 6 that the extreme parts of the experimental curve ﬂuctuate obviously and
the minimum value is slightly larger than zero. Besides, the experimental cure lags behind the simulated curve slightly.
Fig. 7. Simulated and experimental results of the jetting volume with a sinusoidal driving voltage, V = 75 + 75 sin(60pt  p/2), and syringe pressure,
Ps = 0.1 MPa.
200 S. Lu et al. / Simulation Modelling Practice and Theory 49 (2014) 193–202These experimental phenomena are mainly caused by the hysteresis of piezostack and amplifying mechanism. Fig. 7 shows
the simulated and experimental results of the jetting volume with the sinusoidal driving voltage V = 75 + 75 sin(60pt  p/2)
and a syringe pressure of Ps = 0.1 MPa. It can be found that 0.47 lL of adhesive is dispensed in each cycle fairly consistently,
and the average ﬂow rate is approximately 14 lL/s. As depicted in Fig. 7, the experimental jetting volumes of the ﬁrst two
cycles slightly larger than the simulated values. This is mainly due to the liquid residues on the top of the nozzle before dis-
pensing. During the ﬁrst several dispensing cycles, the residues are jetted out with the stream. Thus, the volumes of the drop-
lets are greater than the simulated ones. It can be observed from Figs. 6 and 7 that the results of the simulation agree well
with the experimental data, which validate the proposed bond-graph model can be used to simulate the adhesive dispensing
process.
In the experiment, the formation of adhesive droplets, which have been widely used in many applications, are directly
related to the dispensing ﬂow rate [24,25]. The paper has studied the inﬂuence of system control parameters (such as driving
voltage and pressure in syringe) on the ﬂow rate.
Fig. 8 shows the simulated results of ﬂow rate Qd with different values of pressure Ps. Note that the driving voltage, V, is
ﬁxed as V = 75 + 75 sin(100pt  p/2). As demonstrated in Fig. 8, the minimum value of ﬂow rate appears in the ﬁrst half-
cycle due to the decreased pressure in Chamber f0 caused by the up-moving needle, and the adhesive ﬂows back to Chamber
f0 when the value is less than zero. Conversely, the adhesive jets out from the nozzle with a positive ﬂow rate. It can be
observed that the peak to peak amplitude of ﬂow rate remain unchanged with different pressure values. While the extreme
values of Qd increase monotonically with the growth of pressure Ps and the average ﬂow rate can be calculate by Eq. (11). In
addition, as depicted in Fig. 8, the high frequency ﬂuctuating in the beginning of the curve is mainly caused by the initial
condition, which sets the pressure in syringe as a constant value.FQ ¼ Ps 
P4
i¼1
Pn
j¼1Psij 
P3
i¼2
Pn
j¼1PtijP4
i¼1
Pn
j¼1Rfij
ð11Þig. 8. Simulated results of ﬂow rate under sinusoidal driving voltage, V = 75 + 75 sin(100pt  p/2) and different syringe pressure conditions.
Fig. 9. Simulated results of the ﬂow rate under different driving voltage conditions, Ps = 0.05 MPa.
Fig. 10. Inﬂuence of voltage (a) amplitude and (b) frequency on ﬂow rate.
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Z T
0
Q dt ð12ÞEq. (12) represents the volume of the droplets formed from the nozzle of the proposed dispenser driven by a piezostack
actuator. It should be noted that when the minimum value of Qd is greater than 0, a jet is formed, and the ﬂuid cannot be
separated into droplets. Thus, a suitable negative minimum of ﬂow rate, which can be obtained by adjusting the pressure
in syringe, is required during the formation of droplets.
Fig. 9 presents the inﬂuence of driving voltage (amplitude and frequency) on ﬂow rate. It can be seen that the amplitude
of ﬂow rate changes obviously with the voltage. A higher peak to peak value of ﬂow rate can be obtained by increasing the
amplitude or frequency of voltage. As demonstrated in Fig. 10, a linear relation appears between the amplitude of ﬂow rate
and the voltage-amplitude and frequency. Besides, the average ﬂow rate Qd remains unchanged with different driving
voltage conditions.
Thus, as demonstrated in Figs. 8–10, the pressure in syringe determines the average ﬂow rate which is calculated by
Eq. (11) and the driving voltage characteristics (amplitude and frequency) have linear relations with the amplitude of ﬂow
rate. In application, the ﬂow rate can be controlled by adjusting these parameters.5. Conclusions
In this work, a new type of jetting dispenser driven by a piezostack is proposed to provide small adhesive droplets at a
high dispensing frequency. According to the bond-graph technique, the dynamic model of the dispenser is constructed after
coupling the bond-graph sub models of the electromechanical part and the ﬂuid part. Subsequently, the proposed jetting
dispenser is manufactured and tested in order to validate the dynamic model. It has been demonstrated that the agreement
between simulation and experiment is favorable. The simulated results show that the pressure in syringe determines the
average ﬂow rate, whose amplitude is linear with the voltage-amplitude and frequency applied to the piezostack. The results
are used to guide the design and control works about the proposed dispenser. As a second phase of this study, a control
system will be established to control the dispensing ﬂow rate and droplet volume.
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